Introduction {#s1}
============

A substantial increase in global food production will be required, as the world's population is expected to be \>9 billion by 2050 ([@CIT0007]). Rice (*Oryza sativa* L.) is a staple food for more than half of the world's current population. Although rice production dramatically increased through genetic improvement along with application of a greater amount of chemical fertilizer during the green revolution in the last half century ([@CIT0047]), by the beginning of the present century, the rice yield increase had started to slow ([@CIT0012]; [@CIT0026]).

Anticipated environmental changes, such as high concentrations of ground-level ozone, elevated temperatures, and drought negatively affect rice production ([@CIT0026]), but the expected increase in the atmospheric carbon dioxide concentration (\[CO~2~\]) is predicted to have a positive effect on the grain yield of rice ([@CIT0001]). \[CO~2~\] has been steadily rising, from \~315 μmol mol^--1^ in 1959 to a current atmospheric average of \~390 μmol mol^--1^, and the rise is projected to continue and to reach as high as 550 μmol mol^--1^ by 2050 ([@CIT0002]). Although higher \[CO~2~\] increases the grain yield of rice ([@CIT0020]; [@CIT0027]; [@CIT0011]), it reduces grain quality, especially in terms of protein content ([@CIT0038]; [@CIT0024]; [@CIT0040]; [@CIT0045]; [@CIT0039]; [@CIT0037]). To maximize the yield enhancement and maintain grain quality in the future, a better understanding is needed of rice grain growth, yield stimulation, and grain quality degradation, especially the reduction in grain protein, under future elevated atmospheric \[CO~2~\].

Grain yield stimulation by elevated \[CO~2~\] is primarily and consistently achieved by increases in the number of grains ([@CIT0005]; [@CIT0001]), whereas the response of individual grain weight to elevated \[CO~2~\] has been inconsistent. It is apparently not affected ([@CIT0004]; [@CIT0048]), increased ([@CIT0043]), or has a minor effect on the overall yield increase ([@CIT0019]). It should be noted that the reported individual grain weight is the average across all grains harvested at maturity, but that grain weight, quality, and development vary widely depending on the grain position within the panicle ([@CIT0015]; [@CIT0016]; [@CIT0041]).

In rice, one spikelet generally bears one grain. The earlier-flowering spikelets located on the upper primary rachis branches are referred to as superior spikelets, and the later-flowering spikelets located on secondary rachis branches of the lower primary rachis branches are referred to as inferior spikelets. The inferior spikelets usually fill more slowly and are smaller and lighter than the superior spikelets ([@CIT0032]; [@CIT0031]; [@CIT0042]; [@CIT0046]).

While elevated \[CO~2~\] increases the carbohydrate supply to the panicle ([@CIT0036]; [@CIT0028]), the responses of superior and inferior grains to the elevated \[CO~2~\] may be different. There are several possible ways in which elevated \[CO~2~\] might affect the grain filling of superior and inferior spikelets. First, both the superior and inferior spikelets are better filled, producing heavier overall grains; secondly, the superior spikelets might be better filled and the inferior ones are unaffected, producing heavier superior grains; and, thirdly, the inferior spikelets are better filled and the superior ones are not affected, resulting in heavier inferior grains. It is yet to be determined which change actually occurs.

The distinction between the superior and inferior spikelets is important for understanding the mechanisms of reduction in nitrogen (N) concentrations in the grain due to elevated \[CO~2~\], which are not fully understood ([@CIT0039]). The N and protein concentrations may be diluted by increased carbohydrates under elevated \[CO~2~\] ([@CIT0009]). Superior spikelets usually accumulate N earlier and faster than inferior spikelets ([@CIT0015], [@CIT0014]). Therefore, under elevated \[CO~2~\], a limited quantity of available N may be more likely to be allocated to the superior spikelets, causing the protein content of the inferior spikelets to be reduced. If too little N is supplied by fertilization, there may be less available N in the whole plant, which would allow reductions in N and protein to be more easily detected.

Grain growth is mainly accomplished by the accumulation of grain carbon (GC), grain N (GN), and grain mass (GM) during grain filling. Because elevated \[CO~2~\] alters both the rate and duration of grain filling ([@CIT0022]; [@CIT0013]), the coordinated accumulation of GC, GN, and GM may be disturbed. Because the superior spikelets are favoured in the assimilate partitioning during grain filling, they fill early in the grain-filling period, and a reduction in protein may not be detected. The inferior spikelets, however, begin to fill rapidly \~20 days after heading (DAH) ([@CIT0015]), after the period of rapid accumulation in the superior spikelets has ended and much of the available N has already been taken up. As a result, they may be more likely to show reduced protein.

Over the past three decades, various laboratory and chamber experiments have been conducted to examine plant responses to elevated \[CO~2~\], but the need to test findings and hypotheses under field conditions has become increasingly apparent ([@CIT0021]). Free-air CO~2~ enrichment (FACE) experiments provide a unique platform for investigating how future ecosystems are likely to respond to higher \[CO~2~\] within various ecosystem-scale interactions. Therefore, a FACE experiment was conducted with two N fertilization levels to answer the following questions. (i) Do grains located at different panicle positions respond differently to an elevated \[CO~2~\]? (ii) Under an elevated \[CO~2~\], if the average grain N concentration is decreased, is the reduction restricted to superior or inferior grains or is it observed in all grains? (iii) Will the N concentration in rice grains be reduced by an elevated \[CO~2~\] more at a lower nitrogen fertilization level? (iv) When does the elevated \[CO~2~\] start to decrease the GN concentration during grain filling, and is the response of the superior and inferior spikelets the same with respect to that timing?

The answers to these questions will improve our understanding of grain filling and growth responses to an increased source supply, and of the mechanisms of rice yield enhancement, under elevated \[CO~2~\]. In addition, the results may suggest how grain yield might be increased and grain quality might be maintained in the future.

Materials and methods {#s2}
=====================

Site description, \[CO~2~\] control, and weather conditions {#s3}
-----------------------------------------------------------

The experiment was conducted at the Tsukuba FACE site in Tsukubamirai city, Ibaraki Prefecture, Japan (35°58ʹN, 139°60ʹE; 10 m above sea level) in 2010 and 2011. The climate is humid subtropical with an average temperature of 13.8 °C and annual precipitation of 1280mm. The soils are Fluvisols, typical of alluvial areas. Additional soil properties are given in [@CIT0010].

[@CIT0033] have described the method used to control \[CO~2~\]. Briefly, four blocks were established in paddy fields, with each block consisting of two octagonal plots (240 m^2^, 17 m across): an ambient CO~2~ (ambient) plot and an elevated CO~2~ (FACE) treatment plot. The FACE plots were equipped with emission tubes on the perimeter, where CO~2~ was released from the windward side to keep the \[CO~2~\] measured at the central point at 200 μmol mol^--1^ above the ambient control level. The season-long daytime average \[CO~2~\] in the ambient plots and in the FACE plots was 386 μmol mol^--1^ and 584 μmol mol^--1^ in 2010, and 386 μmol mol^--1^ and 560 μmol mol^--1^ in 2011, respectively. The seasonal mean air temperature was 25.0 °C in 2010 and 24.1 °C in 2011, higher than that of the average year of \~23 °C. The 2010 season was also sunnier and drier than was the 2011 season (monthly climate data are given in [Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert154/-/DC1) available at *JXB* online).

Crop cultivation {#s4}
----------------

Crop cultivation practices in 2010 were reported by [@CIT0010], and the 2011 growing season followed essentially the same practices. Briefly, all plots received equal amounts of P and K in early April, before ploughing, when PK compound fertilizer was applied at a rate of 4.36g m^--2^ of P and 8.30g m^--2^ of K. The fields were kept submerged after late April. Each plot was divided into two areas by corrugated PVC boards. In one area, no N fertilizer was applied (0N), and in the other area three kinds of N fertilizer were applied just prior to puddling (SN): 2g m^--2^ as urea, 4g m^--2^ as one type of controlled-release fertilizer-coated urea (type LP100, JCAM Agri. Co. Ltd, Tokyo, Japan), and 2g m^--2^ as another type of controlled-release fertilizer (type LP140, JCAM Agri. Co. Ltd).

Seeds of the rice cultivar Koshihikari were germinated in water and sown into seedling trays, each with 448 circular cells (16mm in diameter and 25mm in depth, Minoru Pot 448, Minoru Industrial Co. Ltd, Okayama, Japan). Each cell was filled with sterilized soil amended with fertilizer at the rate of 0.4g N, 0.35g P, and 0.5g K per 1kg of soil. Three seeds were sown in each cell. After seedling emergence, the seedling trays were transferred to the puddled open field and protected with a tunnel cloche or floating mulch for the first 2 weeks. The seedlings were manually transplanted into hills (30 cm×15cm) on 26 May in 2010 and 25 May in 2011, with a density of 22.2 hills m^--2^ (three seedlings per hill). After the transplanting, the fields were kept flooded until 20 August, \~3 weeks after heading, when the ponding water was drained for harvesting. We applied flush irrigations on several occasions to keep the soil moist.

Sampling and analysis {#s5}
---------------------

At physiological maturity, we harvested 21 hills for each subplot, equivalent to an area of 0.945 m^2^ in both years. The harvested plants were dried under a rain shelter, and then their total weight was determined and the number of panicles was counted. After threshing, the spikelets were weighed. The spikelets were de-hulled to determine the brown rice weight. The moisture content of the grains was measured with a grain moisture tester (Riceter f, Kett Electric Laboratory, Tokyo, Japan), and that of the rice straw was determined by the gravimetric method after oven-drying at 80 ºC. Brown rice yield and single-grain mass were expressed on the basis of a 15% moisture content.

In 2011, 20--30 hills were monitored in each plot every day and the date of panicle emergence was recorded; the date was written with a marker pen on adhesive tape, which was wrapped around each panicle below the flag leaf sheath. Five panicles were sampled from each plot at 5, 10, 15, 20, 30, and 40 DAH, and oven-dried at 80 ºC. The superior and inferior spikelets were then separated ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert154/-/DC1) at *JXB* online) according to the method of [@CIT0035]. After oven-drying, grains were de-husked, weighed, ground into powder, and then subjected to N and C analysis with an NC analyser (SUMIGRAPH NC-22F, Sumika Chemical Analysis Service, Ltd, Tokyo, Japan).

Fifteen panicles from each subplot were collected at maturity and stored in an 80% ethanol solution. From each panicle, the following information was collected: the number of primary and secondary branches, the numbers of spikelets on primary and secondary branches, the numbers of sterile spikelets on primary and secondary branches, and the numbers of superior and inferior spikelets ([@CIT0035]).

Statistical analysis {#s6}
--------------------

A blocked split-plot design was used for the experiment, with the CO~2~ treatment as the main plot and the N treatment as the subplot, with four replicates. The statistical significance of each factor (FACE versus ambient, 0N versus SN) was tested by using the Mixed Model procedure of the SAS statistical analysis software package (SAS Add-In 4.3 for Microsoft Office, SAS Institute, Tokyo, Japan). For the GM data, the Richards' function was fitted to the time course of GM accumulation in the superior and inferior spikelets and then the active grain-filling duration and average grain-filling rate were estimated according to [@CIT0046].

Results {#s7}
=======

Grain yield and C and N concentrations of the bulk sample {#s8}
---------------------------------------------------------

Compared with the ambient treatment, FACE significantly increased the brown rice yield by 13% averaged across years and N treatments (*P* \< 0.01, [Table 1](#T1){ref-type="table"}), but the yield enhancement differed between the N treatments, as evidenced by the significant interaction between \[CO~2~\] and N (*P \<* 0.05): 11% at 0N and 16% at SN. Harvest index (HI), defined here as the grain dry mass divided by above-ground dry mass, was slightly decreased by elevated \[CO~2~\] (*P \<* 0.10), but this effect was only apparent in 0N where the HI decreased by 3.5%, and no reduction occurred in SN, resulting in a significant interaction between \[CO~2~\] and N (*P \<* 0.05): elevated \[CO~2~\] did not affect panicle C concentration, but decreased N concentration significantly (*P \<* 0.01). The reduction in the panicle N concentration was slightly larger in SN (8.5%) than in 0N (5.5%), with a marginally significant interaction (*P \<*0.10). Other yield components are shown in [Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert154/-/DC1) at *JXB* online.

###### 

Effects of \[CO~2~\] (A, ambient; E, elevated) and nitrogen fertilization levels (0g m^--2^ and 8g m^--2^) on the panicle number, grain yield, and harvest index of cultivar Koshihikari in 2010 and 2011 and the results of an analysis of variance (ANOVA)

  N applied (g m^--2^)   Year   Brown rice yield^*a*^ (g m^--2^)   Harvest index^*b*^ (%)   Panicle   Panicle number (m^--2^)                                                                           
  ---------------------- ------ ---------------------------------- ------------------------ --------- ------------------------- -------- ------ ----- ------ ------- ------- ------ ------ ----- ------ ------
                                A                                  E                        E/A       A                         E        E/A    A     E      E/A     A       E      E/A    A     E      E/A
  0                      2010   400                                455                      1.14      44.1                      43.5     0.99   429   426    0.99    9.00    8.57   0.95   257   272    1.06
  2011                   430    459                                1.07                     44.2      41.4                      0.94     430    430   1.00   9.34    8.81    0.94   278    297   1.07   
  8                      2010   552                                642                      1.16      46.1                      46.7     1.01   427   426    1.00    10.10   8.96   0.89   321   351    1.09
  2011                   604    698                                1.16                     45.7      45.5                      0.99     433    433   1.00   10.61   9.95    0.94   347    403   1.16   
  ANOVA^*c*^                                                                                                                                                                                            
  Year                          NS                                 †                        \*\*      \*                        \*                                                                      
  CO~2~                         \*\*                               †                        NS        \*\*                      \*                                                                      
  Year×CO~2~                    NS                                 †                        NS        NS                        NS                                                                      
  N                             \*\*\*                             \*\*                     NS        \*\*\*                    \*\*\*                                                                  
  Year×N                        †                                  NS                       \*        †                         NS                                                                      
  CO~2~×N                       \*                                 \*                       NS        †                         †                                                                       
  Year×CO~2~×N                  NS                                 NS                       NS        NS                        NS                                                                      

^*a*^ Expressed on a 15% moisture content basis.

^*b*^ Brown rice yield divided by the above-ground mass expressed on the 0% moisture (dry mass) basis.

^*c*^ †*P* \< 0.1; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; NS, not significant.

Panicle structure {#s9}
-----------------

Elevated \[CO~2~\] had no significant effect on the number of primary and secondary branches and the number of spikelets within a panicle ([Table 2](#T2){ref-type="table"}). N treatment had significant effects on the numbers of secondary branches, spikelets, and fertile spikelets, which were higher at SN than at 0N. The number of primary spikelets was sensitive to both \[CO~2~\] and the N levels, namely at 0N the number of primary spikelets was increased by FACE, while at SN it was decreased by FACE.

###### 

Effects of \[CO~2~\] (A, ambient; E, elevated) and nitrogen fertilization levels (0g m^--2^ and 8g m^--2^) on the panicle structure of cultivar Koshihikari in 2011 and the results of an analysis of variance (ANOVA)

  N applied (g m^--2^)   Branch number   Spikelet number   Fertile spikelet number                                                                            
  ---------------------- --------------- ----------------- ------------------------- ------ ------ ------ ------ ------ ----- ----- ---- ---- ---- ---- ----- -----
                         A               E                 A                         E      A      E      A      E      A     E     A    E    A    E    A     E
  0                      9               10                16                        16     52     55     42     44     93    99    49   52   38   40   87    92
  8                      10              10                20                        19     58     55     56     54     113   109   55   53   51   49   106   102
  ANOVA^*a*^                                                                                                                                                  
  CO~2~                  NS              NS                NS                        NS     NS     NS     NS     NS                                           
  N                      NS              \*\*              \*                        \*\*   \*\*   \*\*   \*\*   \*\*                                         
  CO~2~×N                NS              NS                \*                        NS     NS     \*     NS     NS                                           

^*a*^ \**P* \< 0.05; \*\**P* \< 0.01; NS, not significant.

Elevated \[CO~2~\] had no significant effects on the numbers of superior and inferior spikelets. N levels had a significant effect on the number of inferior spikelets; N fertilizer increased the number of inferior spikelets ([Table 3](#T3){ref-type="table"}). The effects of FACE on the number of fertile spikelets were dependent on the N level and the grain position: at 0N, the number of fertile superior spikelets was higher in FACE than in the ambient plots; at SN, the number of fertile superior spikelets in FACE was lower and the number of fertile inferior spikelets was higher than in ambient.

###### 

Effects of \[CO~2~\] (A, ambient; E, elevated) and nitrogen fertilization levels (0g m^--2^ and 8g m^--2^) on the number of superior and inferior spikelets within a panicle of cultivar Koshihikari in 2011 and the results of an analysis of variance (ANOVA)

  N applied    Spikelet number   \% of sterile spikelets (%)   Fertile spikelet number   \% in total fertile spikelets                                                                      
  ------------ ----------------- ----------------------------- ------------------------- ------------------------------- ----- ------ ----- ----- ----- ----- ----- ----- ----- ----- ----- -----
               A                 E                             A                         E                               A     E      A     E     A     E     A     E     A     E     A     E
  0            7.0               7.5                           5.8                       5.8                             5.8   7.3    1.3   1.8   6.8   7.3   4.8   4.8   7.8   7.7   5.5   5.2
  8            7.5               7.5                           8.3                       8.5                             7.0   5.8    2.0   1.8   7.0   6.8   7.0   7.3   6.7   6.9   6.5   6.8
  ANOVA^*a*^                                                                                                                                                                                
  CO~2~        NS                NS                            NS                        NS                              NS    NS     NS    NS                                              
  N            NS                \*\*\*                        NS                        NS                              NS    \*\*   \*    \*                                              
  CO~2~×N      NS                NS                            NS                        NS                              †     NS     NS    NS                                              

^*a*^ †*P* \< 0.1; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; NS, not significant.

Effects of elevated \[CO~2~\] and N levels on GM, GN, and GC contents in superior and inferior spikelets at maturity {#s10}
--------------------------------------------------------------------------------------------------------------------

Elevated \[CO~2~\] affected the GM of superior and inferior spikelets differently depending on the N fertilization level ([Table 4](#T4){ref-type="table"}). At 0N, the GM of superior spikelets in FACE was higher than that in ambient, whereas the GM of inferior spikelets in FACE was lower than that in ambient. At SN, the GM of superior spikelets in FACE was lower than that in ambient, whereas the GM of inferior spikelets in FACE was higher than that in ambient. The GC content of superior spikelets was not affected by \[CO~2~\], while GC of inferior spikelets was similar to the GM of inferior spikelets: at 0N, GC of inferior spikelets in FACE was lower than that in ambient, whereas the GC content of inferior spikelets in FACE was higher than that in ambient at SN. The GN content of superior spikelets was significantly decreased (by 24%) by FACE (*P* \< 0. 01), whereas GN in inferior spikelets was not affected by FACE. The N level had significant effects on the GM, GC, and GN content of superior and inferior spikelets: N fertilizer stimulated GM, GC, and GN in both the superior and inferior spikelets.

###### 

Effects of \[CO~2~\] (A, ambient; E, elevated) and nitrogen fertilization levels (0g m^--2^ and 8g m^--2^) on grain mass, grain carbon, and grain nitrogen in superior and inferior spikelets of Koshihikari in 2011 and the results of an analysis of variance (ANOVA)

  N applied (g m^--2^)   Grain mass (mg kernel^--1^)   C concentration (mg g^--1^)   C content (mg kernel^--1^)   N concentration (mg g^--1^)   N content (mg kernel^--1^)                                                                                                                      
  ---------------------- ----------------------------- ----------------------------- ---------------------------- ----------------------------- ---------------------------- ---------- ---------- ---------- ---------- ---------- ----- ----- ------ ----- ------ ------ ------ ------ ------ ------
                         Superior                      Inferior                      Superior                     Inferior                      Superior                     Inferior   Superior   Inferior   Superior   Inferior                                                               
                         A                             E                             A                            E                             A                            E          A          E          A          E          A     E     A      E     A      E      A      E      A      E
  0                      18.3                          18.5                          13.9                         12.2                          452                          447        452        455        8.3        8.3        6.3   5.6   9.1    8.4   11.6   12.0   0.16   0.16   0.16   0.15
  8                      20.5                          19.8                          13.7                         15.5                          447                          457        442        447        9.2        9.0        6.0   6.9   10.0   7.9   14.5   13.4   0.21   0.16   0.20   0.21
  ANOVA^*a*^                                                                                                                                                                                                                                                                                    
  CO~2~                  NS                            NS                            NS                           NS                            NS                           NS         \*         NS         \*\*       NS                                                                     
  N                      \*\*\*                        \*                            NS                           \*                            \*\*\*                       †          NS         NS         \*         †                                                                      
  CO~2~×N                †                             \*                            \*                           NS                            NS                           \*         NS         NS         \*         NS                                                                     

^*a*^ †*P* \< 0.1; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; NS, not significant.

Time courses of GM, GN, and GC in superior and inferior spikelets {#s11}
-----------------------------------------------------------------

Grain-filling patterns differed between superior and inferior spikelets ([Fig. 1](#F1){ref-type="fig"}). In the superior spikelets, GM accumulation started to increase immediately after panicle emergence ([Fig. 1A](#F1){ref-type="fig"}), whereas in the inferior spikelets, rapid GM accumulation began at \~20 DAH ([Fig. 1B](#F1){ref-type="fig"}). The final GM of inferior spikelets was lower than that of superior spikelets: at 0N, the GM of inferior spikelets was 52% lower in FACE and 32% lower in ambient compared with superior spikelets; and at SN, the GM of inferior spikelets was 28% lower in FACE and 50% lower in ambient compared with superior spikelets.

![Changes in grain mass (A, B) and N concentration (C, D) of superior and inferior spikelets grown under two CO~2~ conditions (FACE and ambient) and two levels of N supply (0N and SN) in the 2011 FACE experiment. Bars indicate the SEM (*n*=4).](exbotj_ert154_f0001){#F1}

The effects of elevated \[CO~2~\] on GM accumulation were more apparent in the inferior spikelets at SN ([Fig. 1B](#F1){ref-type="fig"}). The duration of active grain filling estimated from the Richards' function fitted to each plot ([@CIT0046]) was shorter at 0N, and the average grain-filling rate of superior spikelets was increased and that of inferior spikelets was decreased by the FACE treatment (*P* \< 0.05; data not shown). In contrast, the duration of active grain filling was longer at SN, and the average grain-filling rate of superior spikelets was decreased and that of inferior spikelets was increased by the FACE treatment compared with ambient treatment.

Nitrogen levels had a significant effect on the accumulation of GM in both superior and inferior spikelets. In superior spikelets, a difference in GM accumulation between SN and 0N became apparent at \~20 DAH ([Fig. 1A](#F1){ref-type="fig"}). In inferior spikelets, a difference became apparent at \~30 DAH, and the inferior spikelets apparently continued to accumulate GM even after 40 DAH ([Fig. 1B](#F1){ref-type="fig"}).

FACE and N levels modified the relationship between GN and GM accumulation ([Fig. 1](#F1){ref-type="fig"}, lower panels). FACE decreased the GN concentration, and SN increased the GN concentration in both superior and inferior spikelets. The effects were more apparent before 15 DAH, and from 30 to 40 DAH the trend differed between superior and inferior spikelets ([Fig. 1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}). The GN concentration in the superior spikelets was apparently (*P* \< 0.10) decreased by FACE at 5 DAH, 30 DAH (*P* \< 0.01), and 40 DAH (*P* \< 0.05) ([Fig. 1C](#F1){ref-type="fig"}). SN significantly increased the GN concentration in superior spikelets at 10 DAH (*P* \< 0.05) and 20 DAH (*P* \< 0.05). The GN concentration in inferior spikelets was significantly decreased by FACE at 30 DAH (*P* \< 0.05) and increased by SN at 10 DAH (*P* \< 0.10) ([Fig. 1D](#F1){ref-type="fig"}).

With the increase of GM from inferior spikelets to superior spikelets, the GN concentration was decreased ([Fig. 2](#F2){ref-type="fig"}); the slope of the relationship between the GN concentration and GM differed significantly between FACE and ambient (*P* \< 0.05). For superior spikelets, although the GM was not affected by FACE, the GN concentration was decreased by FACE (*P* \< 0.05).

![Relationships between grain mass and N concentration for superior (square) and inferior (circle) spikelets, under two \[CO~2~\] conditions (FACE, closed; ambient, open) under the ample N condition (SN). The regressions lines were drawn for FACE and ambient, respectively. The slopes between FACE and ambient were significantly different (*P* \< 0.05).](exbotj_ert154_f0002){#F2}

Discussion {#s12}
==========

Grain yield stimulation by elevated \[CO~2~\] {#s13}
---------------------------------------------

Elevated \[CO~2~\] significantly increased the grain yield by 13% (*P \<* 0.05, [Table 2](#T2){ref-type="table"}), as was commonly observed in the previous studies for the rice FACE experiments ([@CIT0019]; [@CIT0043]). The grain yield increase was primarily due to the increase in the number of panicles ([Tables 1](#T1){ref-type="table"}, 2), which was also previously shown ([@CIT0019]; [@CIT0043]). The number of spikelets located on primary and secondary branches of each panicle, on the other hand, was not affected ([Tables 2](#T2){ref-type="table"}, [3](#T3){ref-type="table"}). These results show that elevated \[CO~2~\] did not affect the ratio between inferior and superior spikelets, indicating that variations among superior and inferior spikelets with respect to grain weight and grain quality have important effects on the average grain response to elevated \[CO~2~\].

Is a reduction of GN concentration by elevated \[CO~2~\] a result of dilution? {#s14}
------------------------------------------------------------------------------

It has been commonly reported that elevated \[CO~2~\] decreases GN concentration in rice ([@CIT0038]; [@CIT0024]; [@CIT0040]; [@CIT0045]; [@CIT0037]). A significant reduction in N concentration of the bulk panicle samples was also observed (*P \<* 0.01, [Table 2](#T2){ref-type="table"}). Further analysis showed, however, that this decrease is apparent only in superior spikelets (Table 5). The mechanisms by which elevated \[CO~2~\] decreases plant N and protein concentrations are not yet well understood, but one plausible mechanism is that the stimulated production of carbohydrates by elevated \[CO~2~\] dilutes plant N ([@CIT0009]; [@CIT0039]). A negative correlation was also found between the GM and GN concentration when superior and inferior spikelets were pooled ([Fig. 2](#F2){ref-type="fig"}). When the effect of FACE in superior and inferior spikelets was examined separately, however, it was found that the FACE treatment decreased the GN concentration of the superior spikelets, but that their GM was not increased by elevated \[CO~2~\]. Moreover, whereas the GM of inferior spikelets was significantly increased by elevated \[CO~2~\], their GN concentration was not reduced. These results suggest that the reduced GN concentration cannot be a simple result of dilution by increased GM. Rather, differential responses of C and N allocation to the grains in response to elevated \[CO~2~\] must be a part of the mechanism that accounts for the reduced GN.

In previous experiments under current \[CO~2~\], removal of superior spikelets induced allocation of N to inferior spikelets at various stages during grain filling ([@CIT0014]; [@CIT0018]). [@CIT0037] showed that elevated \[CO~2~\] greatly affects rice growth and N partitioning among different organs, and the present study demonstrated that elevated \[CO~2~\] affects the partitioning of N between superior and inferior spikelets.

Reduction of GN under elevated \[CO~2~\] occurred at early grain filling {#s15}
------------------------------------------------------------------------

GN accumulated differently in superior and inferior spikelets during the grain-filling period in response to elevated \[CO~2~\], and the reduction in GN concentration occurred at the beginning of the grain-filling period ([Fig. 1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}). The superior spikelets started the rapid growth immediately after heading, whereas growth and N accumulation in inferior spikelets started only at \~20 DAH ([@CIT0015]), when superior spikelets had already completed their rapid growth. In this study, under ambient \[CO~2~\], N accumulation trends in superior and inferior spikelets were similar to those previously reported ([@CIT0015]). They were, however, different from the previous report under elevated \[CO~2~\] ([Fig. 1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}), which showed a reduced GN concentration in superior spikelets at both early (5 DAH) and late grain-filling stages (from 30 to 40 DAH). The mechanisms of these two reductions may be different. The late GN reduction in superior spikelets may be due to the preferential allocation of N to inferior spikelets whose growth has been stimulated by elevated \[CO~2~\], with a greater need for N. In contrast, the early drop in GN concentration may reflect dilution by stimulated carbohydrate accumulation in elevated \[CO~2~\] against lagging N accumulation. At this early stage, the growth of inferior spikelets is slow or has not yet begun, and they are not competing with the superior spikelets for N. No dilution effect was observed in the inferior spikelets at this early stage because of their slow growth. By the time the inferior spikelets began to grow rapidly, after 20 DAH, the rapid growth of superior spikelets had already slowed and much of the available N had been taken up. Therefore, the limited amount of available N was easily diluted by the stimulated carbohydrates. Thus, in inferior spikelets, the GN reduction by elevated \[CO~2~\] occurred at a late stage (30 DAH). The translocation of N to inferior spikelets from superior spikelets from 30 DAH to 40 DAH may have ameliorated the GN reduction in inferior spikelets at maturity under elevated \[CO~2~\], and, at the same time, caused a significant GN reduction in the superior spikelets. In addition to the N reduction, the GM of superior spikelets was also slightly decreased under elevated \[CO~2~\], whereas the GM of inferior spikelets was significantly increased at SN ([Table 4](#T4){ref-type="table"}). Inferior spikelets are usually limited by the C supply ([@CIT0032]; [@CIT0008]); thus, the increased C supply by elevated \[CO~2~\] stimulated the growth of inferior grains.

Limited N supply did not intensify the effects of elevated \[CO~2~\] on GN {#s16}
--------------------------------------------------------------------------

The different responses of superior and inferior spikelets to elevated \[CO~2~\] were dependent on the N level ([Table 4](#T4){ref-type="table"}, [Fig. 1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"}). The GM of superior spikelets was little affected by elevated \[CO~2~\]. On the other hand, the GM of inferior spikelets was lower at 0N and higher at SN under elevated than ambient \[CO~2~\]. Poor grain filling of inferior spikelets is reported to be attributed to a sink limitation due to poor activity of enzymes related to starch synthesis ([@CIT0034]; [@CIT0023]; [@CIT0013a]), whereas the present results showed that when the source supply was increased by elevated \[CO~2~\], the grain filling of inferior spikelets was improved. [@CIT0029] reported that grain growth of winter barley under elevated \[CO~2~\] is strongly sink limited, whereas the present results showed that the GM of superior spikelets, which have a larger sink capacity than inferior spikelets, responded negatively to elevated \[CO~2~\]. These results suggest that in rice, more than source supply and sink limitations, other mechanisms regulate the partitioning of assimilate and grain growth in response to environmental change.

Low N fertilization did not intensify N reduction in rice grains under elevated \[CO~2~\] ([Table 4](#T4){ref-type="table"}). The stimulation of biomass and yield by elevated \[CO~2~\] is usually small at low N levels ([@CIT0003]; [@CIT0019]; [@CIT0029]). In this study, the grain yield enhancement and panicle N reduction by elevated \[CO~2~\] were 11% and 5.5% at low N, and 16% and 8.5% at ample N ([Table 1](#T1){ref-type="table"}). At low N, the carbohydrate stimulation by elevated \[CO~2~\] may not be enough to dilute the GN concentration significantly in well-filled superior spikelets or growth-depressed inferior spikelets. As inferior spikelets usually have a higher N content than superior spikelets ([@CIT0030]), inferior spikelets may become an N source for superior spikelets when N is deficient. The translocation of N from inferior to superior spikelets may ameliorate some of the N reduction in superior spikelets at 0N.

The different responses in GM and GN accumulation between superior and inferior spikelets under elevated \[CO~2~\] may be an indication of how rice adapts to environmental change. The present study suggests that under elevated \[CO~2~\], the better growth of superior spikelets occurs at the expense of the depressed growth of inferior grains when N is deficient. On the other hand, when N is ample, the better growth of inferior grains occurs without the greater growth of superior grains.

Relevance of the position-dependent response of grains to elevated \[CO~2~\] with rice quality {#s17}
----------------------------------------------------------------------------------------------

The differences in the translocation of N between superior and inferior grains may affect the grain quality response of rice to elevated \[CO~2~\]. The ratio of the number of superior to inferior grains was not affected ([Tables 1](#T1){ref-type="table"}--[3](#T3){ref-type="table"}), but the number of panicles was increased by elevated \[CO~2~\]. Therefore, the numbers of inferior and superior grains increased simultaneously. Compared with superior grains, the cooking quality and appearance of inferior grains are usually lower ([@CIT0006]; [@CIT0015]; [@CIT0016]). Moreover, although the GM in inferior grains was significantly increased by elevated \[CO~2~\], some inferior grains were still too small and thus would be discarded when the grain was sieved to evaluate the thousand grain weight and grain quality ([@CIT0024]), resulting in an overall protein loss. Some well-filled inferior grains might not be discarded during sieving. In fact, while inferior grains were 41% lighter than superior grains, inferior grain mass ranged from 11mg to 17mg, the heavier ones being close to the range of superior grain mass (17--21mg). The reduced grain size would have a negative impact on milling quality ([@CIT0017]). Head rice loss under elevated \[CO~2~\] directly affects the market value of rice and the income of rice producers ([@CIT0045]). Thus, the protein reduction in the superior grains under elevated \[CO~2~\] might affect the overall grain quality of the yield.

Implications for future experiments {#s18}
-----------------------------------

There is an urgent need to understand how future elevated CO~2~ concentrations will affect yield and grain quality so that rice yields and grain quality can both be maximized. Elevated \[CO~2~\] stimulates the grain yield of rice mainly by increasing the spikelet number, and the spikelet number increment is mainly achieved by an increase in the number of panicles. The grain yield of cultivars with fewer spikelets within a panicle may also become higher under elevated \[CO~2~\]. The translocation of assimilate among spikelets should be examined in cultivars with fewer spikelets per panicle or with spikelets of uniform size within a panicle. Such cultivars may be better able to adapt to future elevated \[CO~2~\]. Moreover, the differences between superior and inferior grains are also dependent on panicle type and cultivar ([@CIT0025]; [@CIT0041]). Thus, cultivars with different panicle types should be tested to better understand the mechanisms of yield enhancement and protein reduction in rice grains under future elevated \[CO~2~\].

Conclusion {#s19}
----------

Future elevated \[CO~2~\] levels are likely to stimulate the growth of inferior grains at the expense of reductions in the protein content of superior grains. More than a dilution effect caused by the accumulation of more carbohydrates under elevated \[CO~2~\], the differential allocation of N and assimilates between superior and inferior grains is responsible for this reduction in grain protein content, which thus affects the grain quality of the rice.

Supplementary data {#s20}
==================

Supplementary data are available at *JXB* online.

[Figure S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert154/-/DC1). Superior and inferior spikelets within a rice panicle. The spikelets located on the upper primary branches (painted in black) are referred to as superior spikelets, and the lower spikelets located on the lower secondary branches (also painted in black) are referred to as inferior spikelets.

[Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert154/-/DC1). Weather conditions in the 2010 and 2011 growing seasons at the Tsukuba FACE site, Japan.

[Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert154/-/DC1). Yield, yield components, and panicle C and N concentration of rice cultivar Koshihikari obtained in the 2010 and 2011 growing seasons at the Tsukuba FACE experiments.
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